As a superhard material with properties similar to diamond including chemical inertness, cubic boron nitride (cBN) is an excellent candidate as a pressure calibration standard for high-temperature high-pressure research using its pressure-volume-temperature (P-V-T) equation of state. However, the elastic properties of cBN at ambient conditions reported in the literature vary by up to 8%, which can likely be attributed in part to variability in the cBN composition and defect structure and measurement uncertainties. We have measured the single-crystal elastic moduli of high-purity cBN with high precision by Brillouin scattering measurements, making an effort to minimize experimental uncertainties. We obtain values of C 11 ¼ 798.4 6 1.7 GPa, C 44 ¼ 469.0 6 1.0 GPa, and C 12 ¼ 172.4 6 1.1 GPa, from which the isotropic aggregate bulk modulus Ks ¼ 381.1 6 1.3 GPa and shear modulus G ¼ 398.8 6 1.2 GPa (the Hill average) were calculated. Our results improve the precision and reduce the uncertainties in the elastic moduli of high-purity cBN as a reference for future high P-T pressure scales.
I. INTRODUCTION
Cubic boron nitride (cBN) is isostructural with diamond and exhibits many desirable properties such as high melting temperature, high thermal conductivity, and chemical stability over a wide range of pressures and temperatures. The thermal equation of state and properties at high pressures and temperatures have been measured by a variety of experimental methods (e.g., Raman spectroscopy, synchrotron x-ray diffraction, and Brillouin scattering). [1] [2] [3] [4] [5] The properties of cBN thus far determined indicate that it is an excellent candidate for pressure calibration in simultaneous high-temperature high-pressure experiments using the diamond-anvil cell. 6 Most previous studies of the physical properties of cubic boron nitride were performed by computer simulations, including the tight-binding method, 7, 8 molecular dynamics, 9,10 total energy calculations, 11 full-potential, [12] [13] [14] empirical potential calculation, 15, 16 pseudopotential calculation, 4, 17, 18 local density calculation, 19, 20 combined density and pseudopotential calculation, [21] [22] [23] [24] and the all-electron quantum Monte Carlo method. 25 There have also been several experimental studies of the elastic properties of cBN, including static-compression determination of the room-temperature equation of state by x-ray diffraction, 4, 6 Young's modulus measurements by the image load method, 26 elastic modulus measurement on sintered polycrystalline samples by a dynamic resonance method, 27 and single-crystal measurements by Brillouin scattering. 2, 28 The differences in the resulting bulk moduli from these studies are 8-10%. Differences between various theoretical calculations of the bulk modulus and experimental values are much greater. Such discrepancies are unacceptable for a standard material. For cBN to be used as an internal pressure standard it is imperative that the equation of state and other elastic properties be known with higher precision and accuracy.
In this article, we report the results of Brillouin scattering measurements to determine a precise and accurate set of single-crystal elastic moduli of cubic boron nitride at ambient conditions. In this experiment, a dense data set was obtained on carefully oriented samples so that phonon directions were accurately known. These results should provide a baseline for evaluating measurements at extreme pressuretemperature conditions and may help to resolve differences in previous elasticity results on cBN.
II. EXPERIMENTAL PROCEDURES

A. Sample description
The sample used in our experiment was synthesized at 4.5 GPa and 1500 C at the National Institute of Materials Sciences (NIMS, Japan), by the temperature gradient method. The use of barium-boron-nitride (Ba-BN) as a solvent in the synthesis process instead of alkali earth metals and BN compounds (which were widely used in conventional cBN synthesis processes), decreased the contents of oxygen and carbon which typically account for most residual impurities in synthetic cBN crystals. The concentration of impurities in our samples as measured by secondary ion mass spectrometry was less than 10 18 atoms/cm 3 , which is 100 times less than in conventionally synthesized amber crystals. 29 The sample lattice parameter of a 0 ¼ 3.6157(8) Â 10 À10 m was determined with 4-circle x-ray diffractometry, corresponding to a density at room pressure and temperature conditions of q ¼ 3.487(3) g/cm 3 . A high-purity cBN crystal with two flat and smooth parallel faces ($200 Â 300 lm) was used in our measurements. One side of the sample was a growth face with nearly perfect flatness on the as-grown crystal, whereas the opposite parallel surface was polished using fine diamond paste (0.5 lm). Any residual stresses due to polishing which are expected to be small, are avoided by choosing scattering volumes for Brillouin measurements that are within the bulk of the sample and >10 microns from the sample surfaces. Because our measurements sample the bulk crystal and not the surfaces, effects of residual surface stresses on the measured velocities are expected to be negligible. The overall optical quality was very high, with no visible inclusions or other imperfections.
The parallelism of two planes and the crystallographic orientations of platelet surfaces were measured using optical goniometry. The sample orientation matrix determined by 4-circle x-ray diffractometry, along with the three Eularian angles obtained from the 3-circle Eularian cradle on our Brillouin scattering system, 30 provided precise identification of phonon directions and orientations of the plate surfaces (given as face normals) of the cBN crystal. 31, 32 The errors in orientation and phonon directions are less than one degree. The calculated normals to the two parallel faces were: (0.4628, À0.6215, À0.6321) and (À0.4712, 0.6173, 0.6300), yielding an angle between the two faces of 179. 23 .
B. Brillouin scattering
The light source for the Brillouin experiments was an Ar-ion laser operated at a wavelength of k ¼ 514.5 nm. A 6-pass tandem Fabry-Perot interferometer 33 and a solid-state photon counting detector were used to analyze the scattered light. The incident laser power was usually $50 mW. In calculating the Brillouin frequency shift Dm from longitudinal and transverse acoustic phonons, we averaged the Stokes and anti-Stokes frequency shifts. For the symmetric scattering geometry, velocities V were then calculated as V ¼ kDm/ [2sin(h/2)]. Phonon directions within the crystallographic plane of the platelet sample were sampled in 15 or 10 intervals over a 180 rotation on the v-circle. Data sets were collected in mirror image orientations of the sample with each of the two parallel faces of the sample toward the incident light. This yielded a total of 50 distinct phonon directions in our final data set. The results of measurements using distinct but redundant and symmetrically equivalent phonon directions were identical within the resolution of our measurements.
C. Calibration of the Brillouin scattering system
A 90 symmetric platelet scattering geometry 34 was used for the ambient condition Brillouin measurements. Errors in velocity due to uncertainties in scattering angle are smaller with the 90 scattering geometry than with the 80 or 60 scattering angles that are often used in high-pressure diamond-cell experiments. The scattering geometry is initially set up using a precision 45-90-45 prism. The scattering angle was then calibrated with reference to the sound velocities of silica glass 7980 (Corning Inc.) measured using GHz-ultrasonic interferometry. 35 For the ultrasonic calibration measurements the thickness of silica glass standard 7980-BG01 was measured using a heterodyne interferometer (Agilent 5530), wavelength corrected for air temperature, pressure, and relative humidity.
About 30 thickness measurements at the position of the ultrasonic and Brillouin measurement yield 0.99921 mm, with a standard deviation of 5Â10
À5 mm (Fig. 1 ). Compressional and shear-wave travel-time measurements were made using pulse-echo interferometry from 1.1-1.6 GHz for P-waves and from 0.7-1.3 GHz for S-waves. The slightly different frequency range of the P-and S-wave measurements were selected to span similar acoustic wavelengths, from 3-5 lm. The measured thickness was applied to the travel times to yield ultrasonic velocities for the glass standard of Vp ¼ 5905.5 6 0.8 m/s and Vs ¼ 3755.9 6 0.6 m/s (Fig. 2) , where Vp and Vs are the average velocities over each frequency range and the reported errors are one standard deviation including uncertainties in the travel time and length measurements. Because the frequency range from the ultrasonic measurements at $1 GHz to the Brillouin experiments at $17 GHz is still well within the linear range of phonon   FIG. 1 . Heterodyne interferometry measurements of the silica glass standard thickness (sample 7980-BG01) at the location of ultrasonic and Brillouin scattering measurements. The glass sample thickness was applied to measured ultrasonic travel times to calculate Vp and Vs which were used to calibrate the Brillouin system for the current cBN measurements.
FIG. 2. Compressional and shear-wave velocities from
GHz-ultrasonic interferometry on the silica glass standard 7980-BG01, used to calibrate the Brillouin system for the current cBN measurements.
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Zhang et al. J. Appl. Phys. 109, 063521 (2011) dispersion curves for vitreous silica, 36 we do not consider possible velocity dispersion between the ultrasonic and Brillouin measurements in the current calibration. The calibrated scattering angle of 89.82 was used in analyzing the Brillouin scattering measurements on cBN.
III. RESULTS
A typical Brillouin spectrum of cubic boron nitride at ambient conditions is presented in Fig. 3 . The sharp peaks and low background leads to a formal root-mean-square (RMS) error in velocity of less than 0.5%. For all 50 directions, one compressional and two shear modes were observed. The final data set consists of 150 independent mode velocities, from which we calculated a best-fit set of 3 single-crystal elastic moduli of cBN using a linearized leastsquares inversion to the Christoffel equation. 37 We used both of the two available sets of experimentally determined single-crystal values as starting models; the final results are the same in both cases, showing the insensitivity of our inversion results to the initial models. Our final best-fit elastic moduli model was C 11 ¼ 798.4 6 1.7 GPa, C 44 ¼ 469.0 6 1.0 GPa, and C 12 ¼ 172.4 6 1.1 GPa. The uncertainties in Cij's are one standard deviation based on both the root-mean-square (RMS) residual of 50 m/s for the entire data set (that is, the RMS difference between the experimentally measured sound velocities and those calculated from the final best-fit elastic moduli model), and the uncertainty in density ($0.08%). A comparison of the measured and calculated velocities is shown in Fig. 4 .
The effect of uncertainties in scattering angle on the inferred velocities was calculated to be negligible (<0.02% error in velocity) based upon the small uncertainties in velocity for the glass standards measured by ultrasonic interferometry. For our sample, we measured the errors from nonparallelism of sample faces and found them to be well within our stated uncertainties in velocity. We minimized this error by averaging measurements with the sample rotated by 180 (reversing the faces for the incident and scattered light). For these two orientations, errors from nonparallelism should have the opposite sign. The differences in these results were within the RMS errors calculated from our least-squares inversion for the best-fit elastic moduli.
A comparison of our experimentally determined singlecrystal elastic moduli and bulk modulus with previous experiments and calculations is given in Table I . From the single-crystal elastic constants the isotropic aggregate Voigt and Reuss bounds on the shear modulus (G) were calculated to be 406.6 GPa and 391.0 GPa, respectively, yielding a Hill average value 38 of G ¼ 398 6 9 GPa (where the uncertainty reflects the difference in Voigt and Reuss bounds and experimental uncertainties).
The adiabatic bulk modulus, Ks (determined in this experiment), and the isothermal bulk modulus, K T (determined from static compression experiments), are related through the equation Ks ¼ K T (1 þ acT) , where a is the thermal expansivity, and c is the Gruneisen parameter. At room temperature the term acT $ 10 À3 is relatively small for cubic boron nitride. 6 Thus, the difference between K S and K T is smaller than the resolution of the experimental measurements and we make no further distinction between the isothermal and adiabatic bulk moduli.
Taken together, the calculations and experimental results listed in Table I vary over a large range, especially for the calculated values. However, the six extant sets of experimental elasticity results show a much higher degree of consistency than the theoretically calculated values. Within mutual experimental uncertainties, the bulk modulus we obtained agrees with the x-ray compression experiments by Knittle et al., 4 Aleksandrov et al., 5 and Goncharov et al., 6 dynamic resonance measurement on sintered polycrystalline cBN by D'Evelyn et al., 27 and the Brillouin scattering results of Goncharov et al. 2 and Grimsditch et al. 28 Experiments on polycrystalline cBN gave a similar value for both the shear modulus ($402 GPa) and the bulk modulus ($383 GPa) as compared with our results. 27 Although, in general there is overlap in uncertainties among the previously published experimental results, the results of this study narrow the uncertainties and increase the precision with which the bulk modulus is known. In addition, it is encouraging that our data are in excellent agreement with the most accurate all electron Monte-Carlo calculations, 25 which were meant to establish a theoretical basis for a new high-pressure scale.
The only previously published experimental measurements of the single-crystal elastic moduli of cBN at room pressure with which we can compare our results were also performed using Brillouin scattering. 28 Both sets of results are in agreement within the stated 1r uncertainties for the bulk modulus and Cij's, although we note that the elastic moduli from this study are slightly but systematically smaller. The differences in results between this study and Grimsditch et al. 28 may be due to differences in composition between the samples (which were from different sources in the two studies), and possibly uncertainty in the refractive index, which is required to be known at the wavelength of the Brillouin experiments in Ref. (Table I) . Considering the much denser data set collected in this study (as shown in Fig. 4) , and the relatively accurate crystallographic orientation and determination of phonon directions of the sample, we suggest that our results are a preferred set of elastic properties at ambient conditions.
IV. CONCLUSION
We have determined the three independent elastic moduli of cubic boron nitride at ambient conditions by Brillouin scattering using high-quality samples that were precisely oriented by x-ray diffractometry. From these single-crystal results the corresponding isotropic aggregate properties of the bulk and shear modulus were calculated. The single-crystal elastic constants were determined with a high degree of precision and accuracy by collecting a very dense data set of velocities that sample a larger range of phonon directions than in previous studies. Within the mutual uncertainties of the experiments, the values obtained in this study are generally in agreement with previously determined experimental values of the elastic properties, but our new results greatly reduce the uncertainties. Compared with the full range of calculated values for the bulk modulus and other elastic properties, the experimentally determined values tend to fall within the lower range of calculated values, and are in good agreement with the most recent all electron Monte-Carlo calculation. Our results provide a foundation for future work on a precise high-pressure scale. 
